Brown adipose tissue has a central role in thermogenesis to maintain body temperature through energy dissipation in small mammals, and has recently been verified to function in adult humans as well. Here we demonstrate that the heart-type fatty acid binding protein, FABP3, is essential for cold tolerance and efficient fatty acid oxidation in mouse brown adipose tissue, despite the abundant expression of adipose-type fatty acid binding protein, FABP4 (also known as aP2). Fabp3 -/-mice exhibit extreme cold sensitivity despite induction of uncoupling and oxidative genes, and hydrolysis of brown adipose tissue lipid stores. However, using FABP3 gain-and lossof-function approaches in brown adipocytes, we detected a correlation between FABP3 levels and the utilization of exogenous fatty acids. Thus, Fabp3 -/-brown adipocytes fail to oxidize exogenously supplied fatty acids, whereas enhanced Fabp3 expression promotes more efficient oxidation. These results suggest that FABP3 levels are a determinant of fatty acid oxidation efficiency by brown adipose tissue, and that FABP3 represents a potential target for modulation of energy dissipation.
Brown adipose tissue has a central role in thermogenesis to maintain body temperature through energy dissipation in small mammals, and has recently been verified to function in adult humans as well. Here we demonstrate that the heart-type fatty acid binding protein, FABP3, is essential for cold tolerance and efficient fatty acid oxidation in mouse brown adipose tissue, despite the abundant expression of adipose-type fatty acid binding protein, FABP4 (also known as aP2). Fabp3 -/-mice exhibit extreme cold sensitivity despite induction of uncoupling and oxidative genes, and hydrolysis of brown adipose tissue lipid stores. However, using FABP3 gain-and lossof-function approaches in brown adipocytes, we detected a correlation between FABP3 levels and the utilization of exogenous fatty acids. Thus, Fabp3 -/-brown adipocytes fail to oxidize exogenously supplied fatty acids, whereas enhanced Fabp3 expression promotes more efficient oxidation. These results suggest that FABP3 levels are a determinant of fatty acid oxidation efficiency by brown adipose tissue, and that FABP3 represents a potential target for modulation of energy dissipation.
Lipids are crucial metabolic fuels, and their transport, storage, and utilization is governed by numerous mechanisms in order to maintain homeostasis.
The dysregulation of lipid homeostasis contributes to the pathogenesis of common diseases such as obesity, diabetes, and cardiovascular disease. Fatty acids are one of the key lipid types that must be transported, stored, or utilized in tissues with high rates of lipid metabolism, including adipose tissues, liver, heart, and skeletal muscle. Members of the fatty acid binding protein (FABP) family are prominently expressed in these tissues and are thought to act as lipid "chaperones", trafficking fatty acids to mitochondria and peroxisomes for oxidation, to lipid droplets for storage, to the endoplasmic reticulum for membrane synthesis and signaling, and to the nucleus for regulation of lipidmodulated nuclear transcription factors (1, 2) . These activities are accomplished through increasing fatty acid solubility, mobility, and rate of utilization within the cell (2).
The FABP family consists of at least 8 members in mammals, which appear to have arisen through duplication of an ancestral gene (2-4). Members of the FABP family have been named according to the tissue where they are expressed most prominently, although there is significant overlap in tissue distribution among some members (2,4,5). Multiple FABP family members are expressed in adipose tissue, but their physiological roles in this tissue have not been characterized. The adipose-type FABP4 (also known as aP2) has been considered the major FABP in white and brown adipose tissue, as well as in macrophages (6, 7) . FABP4 is generally thought to facilitate fatty acid transport between intracellular compartments for storage or export, as disruption of the Fabp4 gene in mice led to increased intracellular free fatty acids in the cytosol (8, 9) . The epidermal-type FABP5 (also known as Mal1) is expressed in epidermal cells and other tissues, including brown adipose tissue (10) . Finally, heart-type FABP3, which is most abundantly expressed in heart, skeletal muscle, brain, and other tissues, is induced in brown adipose tissue (BAT) in hibernating squirrel (11, 12) and bat (13) . It is also induced by acute cold exposure in rat (14, 15) .
The physiological roles of FABP3 have been investigated with knockout mouse models (reviewed in (16) ). Characterization of FABP3-deficient mice has focused largely on effects on fatty acid metabolism in heart and skeletal muscle, tissues in which this protein is abundantly expressed. In vivo labeling studies revealed reduced palmitic and arachidonic acid uptake in heart of Fabp3 -/-mice (17) , and reduced palmitic acid uptake and utilization in isolated cardiomyocytes (18, 19) . There was a compensatory reliance on glucose oxidation in the heart of Fabp3 -/-mice. Fabp3 -/-and Fabp3 +/-mice also exhibit increased insulin sensitivity, perhaps related to the increased reliance on glucose rather than fatty acid fuels (20, 21) . Thus, FABP3 has important roles in fatty acid metabolism in heart and skeletal muscle, with effects on systemic glucose homeostasis.
The induction of FABP3 in BAT during cold exposure described above raised the possibility that this protein may have a role in fatty acid trafficking in adaptive thermogenesis. Adaptive thermogenesis involves shivering to increase energy output in skeletal muscle, as well as nonshivering heat generation in BAT upon stimulation by the sympathetic nervous system (22, 23) .
Nonshivering thermogenesis is well known as a mechanism for heat generation in rodents and other small mammals, and recently has been shown to be metabolically active in adult humans (24) (25) (26) (27) (28) (29) . The elucidation of mechanisms that modulate BAT thermogenesis is therefore of high significance in understanding the regulation of energy balance in mammals, including humans.
Several factors that are required for adaptive thermogenesis in BAT have been defined in rodents (22, 23) .
One key factor is the mitochondrial uncoupling protein-1 (UCP1). UCP1 is responsible for enabling the proton leak in mitochondria that dissipates energy resulting from oxidative metabolism. In the mouse, UCP1 is essential for adaptive thermogenesis in response to acute cold exposure (30), but not for gradual adaptation to the cold (31) . Furthermore, UCP1 deficiency prevents diet-induced thermogenesis and promotes obesity in mice maintained at thermoneutrality (32) , whereas enhanced UCP1 expression in BAT protects against diet-induced obesity, due to increased energy expenditure (33) . Beyond UCP1, fatty acids have a key role in thermogenesis as the source of oxidative fuel in the mitochondria (34) (35) (36) (37) (38) . The process by which fatty acids destined for oxidation during BAT thermogenesis are targeted to the mitochondria is not fully understood, but is likely to involve members of the FABP family.
Here, using FABP3-deficient mice, we demonstrate an essential role for FABP3 in whole body thermoregulation and in fatty acid oxidation in BAT, a tissue in which FABP4 and FABP5 have been considered to be the major players. Mice lacking FABP3 displayed severely impaired cold tolerance, whereas FABP4 deficient mice had normal cold tolerance. FAPB3 cold sensitivity occurred even in the presence of normal response of muscle to cold, and normal induction of thermogenic and fatty acid oxidation machinery in BAT. Using isolated BAT, as well as gain-and loss-of-function approaches in cultured brown adipocytes, we detected a direct effect of FABP3 on the rate of exogenous fatty acid oxidation in this tissue. These studies establish a unique role for FABP3 in directing the utilization of exogenously supplied fatty acids for energy expenditure in BAT.
EXPERIMENTAL PROCEDURES

Mice-Mouse
embryonic stem cells containing a gene-trap insertion in the Fabp3 gene (cell line XE705) were obtained from the BayGenomics gene-trap consortium (baygenomics.ucsf.edu) (39) . Chimeric mice were generated by blastocyst microinjection and then crossed with C57BL/6J mice for at least 4 generations. The site of the gene-trap insertion within intron 1 of Fabp3 was determined by inverse PCR. Offspring were genotyped by PCR of genomic DNA with primers specific for the wild-type Fabp3 allele, and for the mutant allele carrying the gene-trap insertion. Fabp4 deficient mice were a generous gift from Dr. Judith Storch (Rutgers University). Mice were housed in standard conditions (12-h/ light/dark cycle) and fed Purina 5001 chow diet. Mouse studies were performed under approval from the Veterans Administration Greater Los Angeles or University of California, Los Angeles IACUC.
Gene expression analyses-Total RNA was isolated from mouse tissues by extraction with TRIzol (Invitrogen). cDNA synthesis, RT-PCR, and real-time PCR were performed as described previously (40) . Many of the primer sequences used in this study have been described (40) (41) (42) Cold exposure-Prior to cold exposure, mice were provided with food and water ad libitum overnight. On the next morning, the mice were housed without food or bedding and placed at 4°C for 4 h. Body temperature was measured with a BAT-10 digital thermometer with a Ret-3 rectal probe (Physitemp Instruments). BAT surface temperature was measured by placing the temperature probe on the interscapular surface. Three separate cold exposure studies were performed with independent groups of male or female mice. These studies gave very similar results, indicating that this phenotype is not sex specific. Data presented here are from male mice.
Plasma and lipid analysis-Plasma glucose levels were measured with a One Touch Ultra Blood Glucose Monitor (Lifescan). Tissue lipid analyses were conducted as described (40) . Creatine kinase was determined in 25 µl of plasma (Pointe Scientific, Inc.) with an automated spectrophotometer connected to a water bath at 37ºC. Samples were measured twice and expressed as the average absorbance difference per minute, multiplied by the factor 6592 (IU/L).
Mitochondrial DNA content-Total genomic DNA from BAT tissue was isolated by phenol/chloroform/isoamyl alcohol extraction. Analysis of hepatic glycogen levelsGlycogen was extracted from frozen tissues (100 mg) as described (43) . The supernatant fluid was used to measure glucose (Autokit Glucose, Wako Pure Chemicals USA); values were expressed as ng glycosyl residue per g of tissue.
Histology-For β-galactosidase activity staining, fresh tissues were directly embedded in Optimal Cutting Temperature compound (Sakura Finetek), frozen, and sectioned. Sections were fixed with 2% formaldehyde and 0.2% glutaraldehyde in PBS for 5 min, and incubated in X-gal solution at 37ºC overnight (44) . For immunochemical detection of β-galactosidase protein, cryosections were quenched for endogenous peroxidase activity with 0.6% H 2 O 2 in methanol for 20 min. Sections were fixed with cold acetone for 10 min, blocked with 10% rabbit serum in PBS-0.1% Tween 20 for 3 h, and incubated overnight with primary anti-β-galactosidase antibody (1:250 dilution, ab9361, Abcam). Following 1 h incubation with secondary HRP-conjugated anti-chicken antibody (1:1000 dilution, ab6753, Abcam), staining was revealed with Diaminobenzidine (D4293, Sigma).
Indirect calorimetry-Oxygen consumption were determined with an Oxymax single cage system and recorded with Oxymax version 3.2 software (Columbus Instruments). Oxygen consumption and CO 2 production were recorded every 6 min throughout a 24-h period. The respiratory quotient (RQ) represents the ratio of O 2 over CO 2 values. Values were averaged over light (7 am-6 pm) and dark (6 pm-7 am) periods.
Brown adipocyte cell culture-For the culture of primary brown adipocytes, interscapular brown adipose tissue was isolated, minced, and digested with 20 mg collagenase type II (Clostridiopeptidase A, Sigma C-6885) in 10 ml DMEM (without serum) with 2% BSA and 25 mM HEPES at 37ºC for 30 min. The homogenate was filtered through a 70-µm filter and decanted for 20 min on ice to remove mature adipocytes. Precursor cells were centrifuged at 800 × g for 5 min, resuspended in differentiation medium (DMEM supplemented with 4 nM insulin and 25 µg/ml sodium ascorbate, 10% serum). Cells were allowed to differentiate into mature brown adipocytes for 7 days. Some studies were conducted in an established mouse brown adipocyte cell line obtained from Dr. Bruce Spiegelman (38) . Cells were cultured and differentiated into mature brown adipocytes as described (38) .
In vitro fatty acid oxidation experimentsFor labeled fatty acid oxidation experiments, 3 H 2 O production was measured as the products of exogenous fatty acid oxidation from [ 3 H]palmitate as described elsewhere (45, 46) . Primary brown adipocytes were pre-incubated with 0.5 µM norepinephrine and cells were collected and protein levels were determined for normalization.
Intracellular lipid labeling was determined by thin layer chromatography (TLC). Cells were collected with 200 µl of 5% TCA, and an aliquot was saved for protein determination. Lipids were extracted with chloroform/MeOH (2:1) and resolved on TLC plates with hexane/ether/acetic acid (80:20:1) solvent. Using standards for each lipid species, the bands corresponding to FFA and triglyceride were scraped from the plate and measured by liquid scintillation counting. Experiments were performed twice with triplicate wells.
Cellular oxygen consumption and extracellular acidification rates-Cellular metabolic rates were measured in primary tissue pieces or in cultured cells using an XF24 Extracellular Flux Analyzer (Seahorse Bioscience). For measurements of metabolism in primary brown fat, tissues were collected and finely minced in PBS. Pieces of tissue of equal size were rinsed with 20 ml PBS, placed in the bottom of a Seahorse Islet Capture Microplate, and kept in place with the screen provided with the kit. The pieces of tissue were washed with unbuffered Krebs-Henseleit Buffer containing 1 µM norepinephrine and incubated 1 hr before starting the experiment. Palmitate oxidation was measured as described using a final palmitate concentration of 200 µM (47). Mixing, waiting and measurement times were 4, 2, and 2 minutes, respectively. Data was normalized by total genomic DNA from each tissue sample.
A brown adipocyte cell line (38) was transfected with Fabp3 expression vector or Fabp3 RNAi, and then plated into Seahorse Bioscience V28 plates. For Fabp3 overexpression, mouse Fabp3 cDNA was cloned in pcDNA3.1/V5-His vector (Invitrogen) and transfected with BioT (Bioland). For RNA interference, cells were reverse-transfected with ON-TARGETplus SMARTpool siRNA (Dharmacon) and siPORT Amine reagent (Ambion). 48 hour prior to analysis, differentiated cells were transfected and seeded at 60,000 cells per well in V28 plates (Seahorse Bioscience). Cells were pre-incubated with 0.5 µM norepinephrine for 3 h prior to start of the experiment. Immediately before the measurement, cells were washed with unbuffered DMEM or DMEM buffered with Krebs-Henseleit Buffer as described (47) . Plates were placed into the XF24 instrument for measurement of oxygen consumption and extracellular acidification rates. Palmitate oxidation was measured as described using a final palmitate concentration of 200 µM (47). Mixing, waiting and measurement times were 5, 2, and 1.5 minutes, respectively. Data were normalized to total cellular protein.
Statistical analyses-Differences in mean values between groups were assessed using a twotailed Student's t-test. Data are presented as mean ± standard deviation, with a statistically significant difference between samples defined as p < 0.05. Significance levels are indicated in figure legends.
RESULTS
Fabp3 is expressed in BAT and induced after cold exposure-FABP4 has been shown to be highly abundant in white and brown adipose tissues (48) , but FABP3 has also been shown to be expressed in BAT of bats and rodents under conditions such as hibernation and cold exposure (11) (12) (13) 15) . To begin to tease apart the specific roles of these two fatty acid binding proteins in BAT, we examined the relative tissue distributions and response to cold exposure in mouse. Analysis of Fabp3 mRNA levels in tissues from C57BL/6J mice revealed highest expression in heart, followed by skeletal muscle ( Figure 1A) . Under standard laboratory conditions, Fabp3 was also expressed at substantial levels in BAT, at approximately 50% the level in skeletal muscle. By contrast, the adipocyte-type Fabp4 was expressed at highest levels in BAT, followed by gonadal and inguinal white adipose tissue, with lower levels in heart and muscle ( Figure 1A ). FABP3 protein levels mirrored the mRNA levels, with highest levels in heart and lower levels in skeletal muscle and BAT ( Figure 1B) . Thus, FABP3 mRNA and protein are present in BAT of C57BL/6J mice maintained at room temperature.
Because BAT plays a key role in the maintenance of body temperature in rodents, we determined whether mouse Fabp3 gene expression in BAT is induced by acute cold exposure. C57BL/6J mice were maintained at 4°C for 8 hours. After 8 hours, Fabp3 mRNA levels were induced significantly in BAT, heart, and skeletal muscle but not in white adipose tissue ( Figure  1C) . Fabp4 ( Figure 1C) and Fabp5 mRNA levels ( Figure 1D) were not affected by cold exposure. In parallel with changes in mRNA levels, FABP3 protein was significantly increased after cold exposure in BAT, skeletal muscle, and heart ( Figure 1E) . These results establish that Fabp3, but not Fabp4 or Fabp5 expression, increases in BAT, heart, and skeletal muscle in response to cold exposure.
Generation of Fabp3 -/-mice by gene-trap mutation-To investigate the physiological role of FABP3 in adaptive thermogenesis, we generated FABP3-deficient mice with an embryonic stem cell line carrying a gene-trap insertional mutation in the Fabp3 gene. The gene-trap insertion occurred in intron 1, generating a fusion protein containing the first 24 amino acids of FABP3 joined in-frame to a βgeo reporter (Figure 2A) . Mice homozygous for the mutant allele are deficient in FABP3, confirmed by the failure to detect Fabp3 mRNA by RT-PCR ( Figure 2B ). β-galactosidase expression in tissues of Fabp3 -/-mice was detected at the sites where Fabp3 is normally expressed in wild-type mice. We observed intense staining of cardiomyocytes and specific fibers in skeletal muscle ( Figure 2C) . Robust staining was also present in interscapular BAT ( Figure 2C ). Fabp3 expression within brown adipocytes was confirmed by immunocytochemical detection of β-galactosidase in lipid droplet-containing cells ( Figure 2D) . Impaired temperature regulation in Fabp3 -/-mice after cold exposure or fasting-To determine the effect of FABP3 deficiency on thermoregulation during acute cold exposure, mice were placed at 4°C and body temperature and BAT surface temperature were monitored ( Figure  3A) . Both body and BAT surface temperatures in Fabp3 -/-mice were significantly lower than in wild-type mice after just 2 hours. After 4 hours, the difference in body temperature between wildtype and Fabp3 -/-mice was more than 13ºC (34.4 ± 0.9 and 21.1 ± 2.1ºC, respectively), and the difference in BAT surface temperature was more than 11ºC (34.0 ± 1.0 and 22.7 ± 2.5ºC, respectively). By contrast, FABP4-deficient mice (9) demonstrated a cold response comparable to their wild-type littermates ( Figure 3B) . The cold sensitivity in Fabp3 -/-mice could not be explained by reduced body weight or white adipose tissue stores (Figure 3C) , nor by increased muscle shivering, as indicated by circulating creatine kinase levels similar to wildtype mice at both room temperature and 4°C ( Figure 3D) . Furthermore, markers of skeletal muscle oxidative and glycolytic metabolism were similarly affected by cold exposure in wild-type and Fabp3 -/-mice. Acute cold exposure slightly induced genes expressed in fast twitch/glycolytic muscle fibers (Myosin Light chain 1, Myl1; and Troponin I type 2, Tnni2), and repressed genes expressed in slow twitch/oxidative muscle fibers (Myosin heavy chain 7, Myh7; and Troponin I type 1, Tnni1) ( Figure 3E ). Together these results indicate that FABP3, but not FABP4, is required for cold tolerance, and suggest that this may be independent of the role of FABP3 in skeletal muscle. We therefore investigated the potential role of BAT FABP3 in body temperature maintenance.
Key processes in the activation of BAT thermogenesis include mitochondrial biogenesis and induction of genes that lead to uncoupling of fatty acid oxidation from ATP synthesis. We investigated whether FABP3 deficiency leads to impairment in these processes. In Fabp3 -/-mice, mitochondrial DNA content in BAT was increased nearly 2-fold compared to wild-type littermates, but was not altered in skeletal muscle ( Figure  4A ). Fabp3 -/-mice had increased oxygen consumption compared to wild-type mice during the dark period of the circadian cycle, suggesting higher basal energy expenditure ( Figure 4B) . Fabp3 -/-mice also had a higher respiratory quotient (RQ), reflecting an increased proportional use of carbohydrate metabolic substrates over fatty acids ( Figure 4B) . These results indicate that neither reduced mitochondrial number nor impaired whole body respiration are responsible for the impaired thermogenesis in Fabp3 -/-mice. The BAT-specific increase in mitochondria may represent an attempt to compensate for a deficiency in energy metabolism specifically in this tissue.
Fabp3 -/-mice exhibit normal induction of thermogenic gene expression in BAT-
Expression levels of the key thermogenic genes encoding PPARγ coactivator-1α (Pgc1a) and uncoupling protein-1 (Ucp1) were similar in wildtype and Fabp3 -/-mice at room temperature, and were induced to the same extent after 4 hours of cold exposure (Figure 4C ). Gene expression of uncoupling protein-2 and -3 (Ucp2 and Ucp3) in Fabp3 -/-mice also matched or exceeded levels in wild-type mice. Expression of genes involved in fatty acid oxidation, such as carnitine palmitoyltransferase-1b (Cpt1b) and acyl-CoA oxidase-1 (Acox1), were increased to the same extent by cold exposure in wild-type and Fabp3 -/-mice. The transcription factor CCAAT/enhancer binding protein α (Cebpa) is normally repressed during cold exposure (49) , and this response was observed in both wild-type and Fabp3 -/-mice. The absence of FABP3 did not lead to increased Fabp4 gene expression in BAT (Figure 4C) .
Fabp3 -/-mice also exhibited normal coldinduced gene expression in skeletal muscle. Ucp2 and Ucp3 genes were expressed at similar basal levels in wild-type and Fabp3 -/-mice, and both were induced to the same degree by cold exposure (Figure 4D ). Muscle expression of Cpt1b and Acox1 was not altered by the cold, nor by FABP3 deficiency.
Members of the Serca (Sarco/Endoplasmic Reticulum Calcium-ATPase) family have the potential to contribute to heat production (50,51), but we did not uncover any differences in expression levels in BAT or muscle of wild-type and Fabp3 -/-mice (Figures 4C and  D) . Thus, aside from increased Ucp2 mRNA levels in BAT of the Fabp3 -/-mice, expression levels of key thermogenic and fatty acid oxidation genes were similar in BAT and skeletal muscle in wild-type and Fabp3 -/-mice.
Fabp3 -/-mice have increased reliance on glucose in the cold-We investigated the effect of cold exposure on BAT composition and lipid mobilization in wild-type and Fabp3 -/-mice. At room temperature, BAT depots weighed the same in both groups of mice, when expressed as absolute weight or as percent body weight ( Figure  5A ). After 4 hours in the cold, BAT mass was significantly lower in Fabp3 -/-mice than in wildtype mice. The cold-induced reduction in BAT mass was associated with 65% lower triglyceride (TG) levels and 25% lower free fatty acid (FFA) levels ( Table 1) . In contrast, the lipid content of BAT of wild-type mice was not altered by cold exposure. In heart, FFA content was increased in response to cold in wild-type mice, but decreased in Fabp3 -/-mice (Table 1) . In skeletal muscle, neither TG nor FFA levels changed, either in the wild-type or Fabp3 -/-mice. Cold exposure led to higher FFA levels in the liver and circulation of both wild-type and Fabp3 -/-mice, but the response was more prominent in the knockout mice ( Table 1 ). The elevated circulating FFA levels suggest that FFA release from white adipose tissue occurs normally in the FABP3-deficient mice, and that the defect in thermogenesis may involve inadequate utilization of these FFAs as fuel in BAT.
Whereas circulating FFA levels were elevated in cold-exposed Fabp3 -/-mice, glucose levels were substantially reduced ( Figure 5B and Table  1 ). Hepatic glycogen levels after cold exposure were reduced 80% in wild-type mice and nearly completely exhausted in Fabp3 -/-mice ( Figure  5C ). Enhanced glucose metabolism in Fabp3 -/-mice was associated with characteristic gene expression changes. Hexokinase (Hkn2) gene expression in the heart was not significantly altered by cold exposure in wild-type mice, but increased two-fold in Fabp3 -/-mice ( Figure 5D ). Pyruvate dehydrogenase kinase 4 (Pdk4), a negative regulator of glucose oxidation, is known to be induced by cold exposure in squirrel (52, 53) . Pdk4 expression levels were similar in wild-type and Fabp3 -/-mice at room temperature, and induced in both upon cold exposure. However, the induction was 7-fold in wild-type and only 2-fold in Fabp3 -/-mice ( Figure 5D ). Together, these data suggest that glycolysis is more active in heart of FABP3-deficient mice than wild-type mice after cold exposure.
In skeletal muscle, Hkn2 and Pdk4 expression levels were induced to similar levels by cold in wild-type and Fabp3 -/-mice, in contrast to what was observed in heart (Figures 5D and 5E ). In liver, gluconeogenic gene expression was induced by cold exposure, with an 8-fold increase in glucose-6-phosphatase (G6p) and a 3-fold induction of phosphoenolpyruvate carboxykinase (Pepck) (Figure 5F ). However, no differences were observed between wild-type and mutant mice. This suggests that there is no compensatory increase in hepatic glucose production in cold-exposed Fabp3 -/-mice above that occurring in wild-type mice.
FABP3 level in brown adipocytes is a determinant of exogenous fatty acid oxidation rate-As described above, we demonstrated that the cold sensitivity of Fabp3 -/-mice can not be explained by a defect in the induction of thermogenic genes in BAT. However, the simultaneous increase of circulating FFA and decrease in circulating glucose suggested that Fabp3 -/-mice have a defect in oxidation of exogenously supplied fatty acids that are derived from lipolysis in white adipose tissue. To test this possibility, we quantitated fatty acid oxidation rate directly in BAT from wild-type and Fabp3 -/-mice. BAT was isolated from mice maintained at room temperature or after exposure to 4°C for 4 h, and oxygen consumption rate (OCR) in response to fatty acid administration was measured using an XF24 Extracellular Flux Analyzer. BAT from wild-type mice maintained at room temperature responded to palmitate administration with a high level of oxygen consumption, which was enhanced further in BAT isolated after cold exposure ( Figure 6A) . The OCR was substantially blunted in Fabp3 -/-mice, reaching only 30-35% of wildtype values. Thus, in the absence of muscle, heart, white adipose tissue, or other tissues that might affect whole body energy metabolism, FABP3 deficiency leads to a reduction in oxidation of extrinsically supplied fatty acids in BAT.
We confirmed the effects of FABP3 on brown adipocyte fatty acid oxidation using primary brown adipocytes. Primary brown adipocytes from wild-type mice responded to norepinephrine, rosiglitazone, or a combination of the two with substantial upregulation of Ucp1 gene expression ( Figure 6B) . Fabp3 expression was also induced by the PPARγ agonist rosiglitazone alone or in combination with norepinephrine. As expected, norepinephrine treatment increased OCR in wildtype brown adipocytes (Figure 6C) , and this effect was reduced in Fabp3 -/-brown adipocytes ( Figure 6D) . The impairment in fatty acid oxidation in Fabp3 -/-brown adipocytes was the same when quantitated using a standard radiometric assay employing radiolabeled palmitate ( Figure 6E) .
Furthermore, in the radiometric assay we detected an accumulation of labeled palmitate within Fabp3 -/-adipocytes, both as free fatty acid and incorporated into triglycerides, consistent with reduced disposal via oxidation ( Figure 6F) .
We further demonstrated that FABP3 levels are a determinant of fatty acid oxidation using gain-and loss-of function approaches in a brown adipocyte cell line (38) . As with the primary brown adipocytes, upon differentiation this cell line induces Ucp1 expression in response to norepinephrine or rosiglitazone (Figure 7A) , and induces Fabp3 expression in response to the PPARγ agonist. In addition, norepinephrine increases OCR in the brown adipocyte cell line in a manner similar to primary brown adipocytes (compare Figure 7B to Figure 6C) . To investigate the effects of modulating FABP3 levels, we assessed OCR in differentiated brown adipocytes in which FABP3 expression was increased by transfection, or decreased by siRNA knockdown ( Figure 7C) . OCR was increased more than 5-fold by FABP3 overexpression, and reduced by 75% as a result of FABP3 knockdown ( Figure 7D) . Together with the studies from Fabp3 -/-BAT and brown adipocytes, these results demonstrate that the levels of FABP3 are a determinant of exogenous fatty acid oxidation rate.
DISCUSSION
The current studies establish a unique role for the heart-type fatty acid binding protein, FABP3, in BAT fatty acid oxidation and thermogenesis. Cold intolerance has been documented in several mouse models with genetic modifications that impair brown adipose tissue development, mitochondrial biosynthesis and function, uncoupling, and fatty acid oxidation enzyme reactions (30, (34) (35) (36) (37) (38) 49) . The mechanism of cold sensitivity in FABP3-deficient mouse is distinct from most of these models, as Fabp3 -/-mice exhibit normal cold-induction of genes involved in mitochondrial biogenesis, uncoupling, and fatty acid oxidation in BAT and skeletal muscle. Furthermore, machinery for lipolysis in peripheral tissues and fatty acid oxidation in brown adipocytes is functional in Fabp3 -/-mice, as evidenced by a doubling of BAT mitochondrial number, depletion of TG stored in BAT, and increased circulating FFA. The defect lies in the inability of brown adipocytes to utilize exogenous fatty acids as fuel, highlighting a critical role for the supply of exogenous fatty acids in BAT during acute cold exposure. Of the known cold intolerant mouse models, the FABP3 deficient phenotype is most similar to that of mice lacking acyl-CoA synthetase-1 (ACSC1) in adipose tissue, which leads to cold intolerance associated with reduced BAT fatty acid oxidation and increased glucose utilization, despite normal thermogenic gene induction in BAT (34) . ACSL1 has a critical role in directing fatty acids stored in lipid droplets within brown adipocytes toward β-oxidation. Our studies suggest that FABP3 may play a parallel role, directing exogenously supplied fatty acids that are released from white adipose tissue stores to mitochondria for β-oxidation.
FABP3 and FABP4 are closely related members of the FABP family (63% identity), are both expressed in BAT, and have similar biochemical properties in vitro (6) . However, only FABP3 is critical during thermogenesis, as FABP4 is not induced in response to cold and FABP4-deficient mice are cold tolerant. Our results clearly indicate that FABP3 and FABP4 have distinct roles in fatty acid transport/utilization in brown adipocytes. FABP3-deficient cells can store TG and utilize endogenous TG stores for oxidation, suggesting that fatty acid transport in those processes may be mediated by FABP4. However, FABP3 is required to utilize exogenous fatty acids derived from white adipose tissue hydrolysis in vivo or supplied in the medium of cultured adipocytes in vitro. This suggests a specific role for FABP3 within adipocytes in the transport and delivery of exogenous fatty acids to the mitochondria for oxidation. As predicted by this model, FABP3 deficiency leads to impaired thermogenesis due to a limited supply of fatty acid fuel to the mitochondria. This model, and our in vitro data in brown adipocytes with FABP3 gainand loss-of-function, raise the interesting possibility that enhanced FABP3 action can direct fatty acids to the mitochondria for increased rates of oxidation. Our studies are consistent with and extend the findings of Yamashita et al., who observed that UCP1-deficient mice exhibit increased FABP3 expression in BAT and higher rates of FFA clearance from the plasma (15) .
At this point it is unclear how the distinct actions of FABP3 and FABP4 are mediated within the brown adipocyte. Differential cellular compartmentalization or specific binding affinities could underlie the distinct roles of FABP3 and FABP4 in brown adipose tissue. For example, it may be that the two proteins interact differently with specific fatty acid species, or with specific proteins on acceptor membranes. However, in vitro studies with the two FABPs have not shown differences in their affinities for acceptor membranes. Both FABP3 and FABP4 exchange FFA with membrane structures via collisional transfer, and no distinction has been observed in the transfer of fatty acids from FABP3 and FABP4 to acceptor membranes (54, 55) . Future studies with intact cells isolated from FABP3-deficient and FABP4-deficient mice may shed light on this mechanism.
Although previously controversial, it is becoming widely accepted that metabolically active BAT is present in depots extending from the neck to thorax in healthy adult humans, and may contribute to energy expenditure (26, 29) . Biopsies have demonstrated that human BAT exhibits the expected morphology and expression of UCP1, and is also induced upon cold exposure (24, 28, 29) . If BAT activity contributes to energy expenditure in humans, then it is reasonable to expect that correlations may exist between variations in BAT activity and body weight and fat. Although still controversial, some data exist demonstrating that variations in BAT mass are inversely correlated with several measures of adiposity, such as body mass index, body fat, or visceral fat (26,29), and it has been proposed that the human propensity to develop obesity in middle age may be related to a condition of diminished brown adipose tissue activity (56) . Our findings suggest that genetic variations affecting FABP3 levels could influence energy expenditure and related characteristics such as body fat accumulation and insulin resistance. A genetic association has been detected between an insertion/deletion polymorphism in the human FABP3 gene and type 2 diabetes risk and waist/hip ratio (57) . Multiple studies in pigs and cattle have also detected associations between FABP3 genotypes and adiposity traits (58-61). Thus, FABP3 may be a viable candidate to explain some genetic variation in energy balance traits, and moreover, modulation of FABP3 levels may represent a novel therapeutic target to modulate energy expenditure.
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